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Abstract. Pre-treatments are widely used during tanning processes to improve the performance of the main tannage. To 
study the effect of each type of pre-treatment on chromium-collagen cross-linking reaction during tanning, synchrotron 
small-angle X-ray scattering (SAXS) and differential scanning calorimetry (DSC) were used to provide fundamental understanding 
of the overall performance of each process. Four common types of pre-treatment were investigated in this study: monodentate 
complexing agent (sodium formate, SF), chelating agent (disodium phthalate, DSP), covalent cross-linker (glutaraldehyde, GA) 
and nanoclay (sodium montmorillonite, MMT). Based on the structural and thermal analyses, the performance of chrome 
tanning with pre-treatments was presented considering five aspects: cross-linking, the level of hydration, hydrothermal 
stability, uniformity through leather cross-section and the uptake of chrome. At the same chrome offers, leather pre-treated 
using SF, DSP and MMT showed improved hydrothermal stability, uniformity and level of hydration, while GA showed decreased 
hydration. All of the pre-treatments reduce surface fixation by decreasing the reactivity of chromium with collagen. Insights into 
the structural changes of collagen during tanning with varied reaction conditions can guide the design of novel, benign 
tanning processes to reduce environmental impact. 
1 Introduction 
Pre-treatments such as masking or pre-tanning modify the collagen structure in skins and hides to 
improve the efficiency of the main tannage.1 Chrome is one of the most common main tannages 
which is involved in around 90% of the world’s leather production.2-3 However, its usage during tanning 
is so far inefficient, considering its excess usage to meet with the demanded production rate, leading 
to poorer uptake with the remainder discharged to the effluent.2, 4 Many types of pre-treatments 
have been applied in chrome tanning to compensate for its weaknesses in efficiency via different 
mechanisms including complexing (masking), covalent cross-linking (pre-tanning) and electrostatic 
binding (filling or coating).1 However, the molecular-level structure of collagen affected during the 
pre-treatments and chrome tanning are yet to be clarified.  
Small-angle X-ray scattering (SAXS) has been applied to study the long-range ordered collagen 
structure in untanned skins and hides as well as leathers.5-9 During leather processing, the collagen 
fibrils in skins and hides showed significant changes that can be monitored using synchrotron-based 
SAXS. Differential scanning calorimetry (DSC) is used in combination with SAXS to study the 
hydrothermal stability of collagen in leather to provide an all-round image of the characteristic 
performance of each pre-treatment method. In this study, four mainstream pre-treatments were 
selected to represent different mechanisms including sodium formate (SF) as a monodentate 
complexing agent, disodium phthalate (DSP) as a chelating agent, glutaraldehyde (GA) as a covalent 
cross-linker, and sodium montmorillonite (MMT) as a nanofiller. A high-exhaustion chrome tanning 
process, “ThruBlu”, was chosen as a model to highlight differences across the pre-treatments. The 
aim of this study is to establish an overall understanding of pre-treatments about their interactions 
with collagen and/or chromium, as well as the resulting properties of the leather products. 
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2 Materials and Methods 
2.1 Leather processing 
Pickled grain splits of cattle hide were processed using modified ThruBlu chrome tanning.7 Sodium 
bicarbonate was added to raise the pH to 7.5-8.0 before tanning. The pH is brought down to 4.0 by 
the acidity of chrome at the end of overnight processing.  
For GA sample: pickled hides (uncross-linked hide, Col) were treated with 2.0% offer of 50% 
glutaraldehyde aqueous solution followed by neutralisation (Col-GA).  
For other samples: pickled hides were neutralised (Col-STD), and then treated by different pre-
treatments: 2.5% of Feliderm® DP solution (Col-DSP), 0.5% sodium formate (Col-SF) or 2.0% 
Cloisite® Na+ Nanoclay (Col-MMT). 
Pre-treated samples were then tanned with Chromosal® B (basic chromium sulphate) at 3.0%, 
4.5%, 6.0% offers overnight (named as Cr-1, Cr-2 and Cr-3, respectively). The wet blue leathers were 
then stored in a fridge (4°C) ready for further analyses.  
2.2 Structural analysis using SAXS  
Thin slices of hide samples were prepared using a microtome (Leica CM1850 UV, Leica Biosystems) 
to the same section size of 0.3 cm × 0.3 cm × 200 μm (L × W × H). Such slices were collected across 
grain, centre and corium layers of the leather cross-section and then air-dried at room temperature 
prior to SAXS measurement. SAXS measurements were carried out at beamline I22 at the Diamond 
Light Source. Dry leather slices were held between Kapton® tape to keep the moisture levels 
constant. The measurements were taken using 12.4 keV X-rays with a 9.7m sample-to-detector 
distance. The images were processed to q-plot (q = 0.021 - 1.7nm-1) using Data Analysis WorkbeNch 
(DAWN).10 SAXS data were then fitted to a combined population and fibre d-spacing model 
implemented using SAXSFit.11 Relative peak intensity is calculated as Ri/j=Ai/Aj, where Ai stands for 
the area of peak order i. 
2.3 Hydrothermal analysis using DSC 
Samples were microtomed and rehydrated with DI water in sealed Tzero aluminium pans overnight, 
followed by ramping at 5°C/min from 30°C to 120°C under N2 purge (DSC Q2000, TA Instruments). 
The temperature of the onset of the peaks on DSC curves were calculated as the denaturation 
temperature (Td) of the hide sample. By carrying out measurements throughout the cross-section 
of leather, the lowest and highest Td (i.e., Tmin and Tmax) were determined (Td = Tmin). The range of 
Td across the cross-section of each hide was calculated as: RT = Tmax - Tmin. 
2.4 Chrome uptake analysis using AAS 
The percentage uptake of chrome (Up%) in leather samples as measured by Atomic absorption 
spectrophotometer (AAS) (SpectrAA 220FS, Varian). First, leather samples were hydrolysed using 
an excess amount of concentrated nitric acid and a mixture of perchloric acid and sulphuric acid to 
solubilise chromium species. Then, the mixtures were diluted with water followed by boiling for at 
least 10 min to eliminate the unreacted oxidising acids. The solutions were filtered and further diluted 
to an optimal concentration for AAS measurements (air/acetylene flame, wavelength = 357.9 nm, 
spectral bandwidth = 0.2 nm). Percentage uptake was then calculated as: Up% = 100% * (the amount of 
chromium in the leather after processing) / (the amount of chromium added during processing).  
 
  
XXXV. Congress of IULTCS
3 
2.5 Overall performance  
Overall performance of each pre-treatment method was compared according to the average 
ranking of (1) R3/2; (2) Td and (3) Up% by descending order, and (4) R6/8 and (5) RT by ascending order, 
of samples tanned with all three chrome offers.  
3 Results and Discussions 
3.1 SAXS: Structural analysis  
Small-angle X-ray scattering of the standard chrome tanned hide sample showed a characteristic 
scattering pattern of fibrillar collagen (Fig. 1a), which originates from the long-range ordered 
packing of collagen molecules. The packing of collagen in hides follows a quarter-staggered 
arrangement with axial gap/overlap regions in a characteristic axial periodicity (D-period).12 Due to 
the variation of electron density across the hide collagen matrix, the intensity of diffraction rings in 
the SAXS image changes amongst different orders.13 Therefore, SAXS allows us to study collagen 
structural changes during chemical cross-linking that disrupts the electron density distributions in 
the matrix. Tanning with 3.0%, 4.5% and 6.0% chrome offers (named as Cr-1, Cr-2 and Cr-3) changes 
the intensity of the diffraction peaks significantly (Fig. 1b).  
To highlight the changes of each order peaks, the normalised intensity of all peaks was plotted 
across different processing stages (Fig. 2). While the 1st and 2nd order peaks showed a drastic 
decrease in intensity, the other peaks (3rd to 9th) increased to different extents. The overall peak 
intensity changes could be attributed to: (i) the enhanced electron density contrast due to the 
introduced chromium species to the matrix; (ii) the structural changes triggered by chromium-
collagen covalent and non-covalent interactions. 
     
Fig. 1. (a) 2D SAXS image of chrome tanned leather. (b) Integrated 1D SAXS plots of untanned hide (Col), pre-
treated hide through standard method (Col-x, where x = STD) and the subsequent chrome tanned leather 
(Cr-1, Cr-2 and Cr-3). Diffraction peaks are labelled according to q = 2πn/D where n is the peak order and D 
is the D-period. © Int. J. Biol. Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187. 
Similar observations on the changes in peak intensity before and after tanning has been reported 
on both skins and hides from the 4th to 9th order peaks.6-7, 14 However, the 3rd order peak has shown 
a decrease in wet leather after chrome tanning,7 unlike what we have found in this study using dry 
leather. Previous reports showed that during drying, the intermolecular structure of collagen 
contracts and caused a decrease in the 3rd order peak,15 while cross-linking can provide resistance 
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to contraction, resulting in a stronger 3rd order peak in a dry state. Instead, the uncross-linked 
collagen can contract without the introduced restrictions to give a weaker 3rd order peak. On the 
other hand, a larger increase in the 6th order peak along with the increase in chrome offer was also 
observed over the other order peaks (Fig. 2). Stronger 6th order peak compared to the 3rd, 5th, 7th or 
8th as previously found to relate to the drying of collagen.14-16 In this study, all samples have been 
dried equally in air at room temperature, so that the intensity changes of 6th over the other peaks 
showed insightful evidence into the binding environment of water with collagen, which varies 
amongst the different pre-treatments.  
 
Fig. 2.  Normalized 1st to 9th order peak intensity of each sample at different processing stages: untanned hide 
(Col), pre-treated hide (Col-x, x = STD, SF, DSP, GA and MMT) and the subsequent chrome tanned leather 
(Cr-1, Cr-2 and Cr-3). © Int. J. Biol. Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187.   
To study the effect of chromium cross-linking on collagen structure with various pre-treatments, 
the relative diffraction peak intensities of the 3rd to 2nd (R3/2) and the 6th to 8th (R6/8) order peaks 
(Fig. 3). R3/2 indicates variations in the axial gap/overlap region of the collagen molecules, allowing 
investigation of the structural resistance to osmotic shrinkage.17 On the other hand, R6/8 indicates 
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the level of hydration of the collagen molecules, which can affect the organoleptic properties of the 
leather products.17-18  
 
Fig. 3. Relative intensity (Ri/j, where i, j as peak orders) of (a) 3rd to 2nd and (b) 6th to 8th order peak of different 
samples: untanned hide (Col), pre-treated hide (Col-x, x = STD, SF, DSP, GA and MMT) and the subsequent 
chrome tanned leather (Cr-1, Cr-2 and Cr-3). © Int. J. Biol. Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187.  
3.1.1 Cross-linking performance 
One of the most important indicators of a successful tanning process is the cross-linking 
performance, which is revealed using R3/2. According to the results (Fig. 3a), the pre-treatment step 
caused significant changes in R3/2. GA caused the biggest change and this can be explained by its 
covalent cross-linking mechanism.1, 19 The other pre-treatments caused lesser changes in R3/2 due 
to the non-covalent nature of their interactions with collagen.1, 20-22 After chrome tanning, all 
samples saw a significant increase in R3/2. The covalent cross-linking of chromium with collagen 
constrained its intermolecular structure, thereby causing less fibril contraction when unbound 
water was removed.23 The lower R3/2 of GA samples after chrome tanning implied a minimised 
cross-linking effect from chromium, due to the more confined collagen structure after first 
covalently cross-linking it with GA.24 Although higher than the GA samples, the R3/2 of SF, DSP and 
MMT samples were also lower compared to STD samples after chrome tanning. This is in good 
agreement with their mechanisms: SF and DSP complex with chromium to reduce its cross-linking 
effect, while MMT has negatively charged silanol (Si-O-) and aluminol (Al-O-) groups that can also 
mask chromium species by binding electrostatically.1, 21-22  
3.1.2 Molecular hydration 
Another performance indicator for the effect of chrome tanning, the molecular hydration of 
collagen, was demonstrated using R6/8 (Fig. 3b). GA samples observed a higher R6/8 over STD 
samples, confirming its covalent cross-linking mechanism that can lead to a decrease in hydrogen 
bonding sites in collagen and therefore, causes a less hydrated molecular structure.25 Instead, SF, 
DSP and MMT brought carboxyl and hydroxyl groups into the collagen matrix and caused increased 
molecular hydration.26-27 When tanned using a low chrome offer (Cr-1), R6/8 increased significantly 
and then plateaued at high offers (Cr-2 and Cr-3), implying decreasing efficiency per unit of 
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3.2 DSC: Hydrothermal stability 
DSC analyses of pre-treated and chrome tanned hide samples also provided important performance 
indicators such as hydrothermal stability and uniformity (Fig. 4).  
 
Fig. 4. DSC results of untanned hide (Col), pre-treated hide (Col-x, x = STD, SF, DSP, GA and MMT) and the 
subsequent chrome tanned leather (Cr-1, Cr-2 and Cr-3) throughout cross-sections (solid) or on the surfaces 
of the grain split hides (dotted). © Int. J. Biol. Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187.  
3.2.1 Hydrothermal stability 
The most heat labile region of a tanned leather determines its overall denaturation temperature 
(Td), which is also the minimum Td throughout the cross-section of leather (Tmin). Fig. 4a showed 
that there are only minor changes during pre-treatment using STD, SF, DSP and MMT, agreeing with 
their non-covalent interactions with collagen. On the other hand, covalent cross-linker, GA, caused 
an increment of Td to 65°C. After chrome tanning (Fig. 4b-f), Td increased significantly but the shapes 
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of endothermic peaks were different via each pre-treatment. Broad irregular shaped peaks were 
observed at low chrome offers (Cr-1 and Cr-2), while a high offer (Cr-3) produced sharper peaks. 
This highlighted the non-uniform penetration of chromium through the leather matrix.  
Amongst all of the Cr-1 samples, a higher Td at 90°C as observed in SF and GA samples, while 
MMT and DSP showed similar Td at 84°C to the STD sample. Better penetration of chrome to the 
centre of the hide would provide a higher overall Td of the collagen in leather. The masking effect 
of SF is again confirmed to assist the penetration of chrome. GA, on the other hand, limits the 
reaction of chromium with collagen on the surface via covalent cross-linking so as to improve the 
penetration. MMT and DSP samples showed no improvement in Td in the centre, however, the 
shape of the endothermic peaks suggested a better distribution of chrome through the matrix. 
Stronger heat absorption at higher temperatures indicated a greater proportion of the collagen had 
improved hydrothermal stability. MMT can bind with chromium via electrostatic interactions to 
minimise the rapid cross-linking reaction to facilitate penetration. DSP contributed to penetration 
via bulk chelation with chromium to reduce its affinity to collagen. 
Cr-2 samples showed higher Td than Cr-1 samples with narrowed endothermic peaks. In addition, all 
of the pre-treated samples exhibited better hydrothermal stability than STD. Although the Td were very 
similar among the different pre-treatments, the shape of the endothermic peaks varied. The GA sample 
displayed the largest proportion of higher Td collagen, followed by MMT, SF and DSP, in descending order. 
Similarly, in Cr-3 samples, the Td of pre-treated leather is higher than the standard. However, GA 
produced the lowest Td (101°C) amongst the four pre-treatments, which could be attributed to its 
nature of covalent cross-linking that hindered chromium from reacting with the collagen.  
3.2.2 Uniformity through leather cross-section 
Surfaces of leather were also measured for their Td to identify the Tmax throughout the leather cross-
section, and their uniformity can be calculated based on the difference between Tmin and Tmax (RT). 
A large RT value (i.e., a wide range of Td across the cross-section) indicates non-uniform penetration 
of chromium through the leather. Across the three chrome offers, the lowest overall RT was observed 
in SF and GA treated samples. DSP and MMT also showed a slight improvement to RT compared with 
STD. The overall results of RT were generally consistent with improvements at low chrome offer. 
3.3 AAS: percentage uptake of chrome 
AAS analyses were conducted to quantify the uptake of chrome (Up%) for all pre-treatment 
methods (Table 1). In general, higher chrome offer was found to lead to a lower uptake, which 
agrees with previous observations. The percentage uptake of chromium was found to decrease with 
increasing chromium concentration, and is also in agreement with previous observations.7  
Table 1. Percentage uptake of chrome during processing with different pre-treatments. 
Chrome offer (%) 
Chrome uptake (%) 
STD SF DSP GA MMT 
3.0 (Cr-1) 92 ± 2 84 ± 2 84 ± 1 99 ± 4 92 ± 2 
4.5 (Cr-2) 82 ± 2 78 ± 2 76 ± 1 85 ± 1 81 ± 3 
6.0 (Cr-3) 70 ± 2 61 ± 2 71 ± 2 67 ± 1 77 ± 2 
© Int. J. Biol. Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187. 
 
GA provided an increased uptake compared to STD, whilst SF and DSP reduced uptake. GA improves 
chrome uptake at lower offers by facilitating more uniform penetration through the leather. 
However, its cross-linking also hinders the reaction of collagen with chromium at high offers 
therefore resulting in a lower uptake. SF and DSP complex with chromium to decrease its affinity 
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and ability to fix to the collagen molecules, hence providing reduced overall uptakes of chromium. 
MMT mitigates the reaction of chromium with collagen via its preferential adsorption of chromium 
species. Due to the affinity of chromium to collagen, it balances and prefers to fix to collagen at the 
end of the tanning process. In the presence of an excess of chrome, the active sites on collagen can 
be exhausted; with the rest of the chromium species therefore being adsorbed onto the MMT, 
resulting in a higher uptake in the highest chrome offer.  
3.4 Overall performance of pre-treatments 
The overall performance of four common pre-treatments was summarised according to their rankings 
across five key aspects. Cross-linking (R3/2) and hydration (R6/8) can greatly affect the organoleptic 
properties of leather. Hydrothermal stability (Td) is also crucial, especially for the manufacturing of 
shoes. When it comes down to the practical manufacturing, the uptake of chrome (Up%) and its 
uniformity through the leather cross-section also needs to be considered to balance the cost and 
production efficiency. An evaluation is therefore demonstrated based on five aspects (Fig. 5). SF, 
DSP and MMT reduced chromium-collagen cross-linking and increased molecular hydration, 
hydrothermal stability and uniformity. GA introduced a decrease in both chromium-collagen cross-
linking and hydration by covalently cross-linking with the collagen. The uptakes of chrome were 
improved by GA cross-linking and MMT adsorption. However, uptakes were reduced due to the 
complexing effect of either SF or DSP. 
 
Fig. 5. Key aspects of the efficiency of chrome tanning through different pre-treatments. © Int. J. Biol. 
Macromol. DOI: 10.1016/j.ijbiomac.2018.12.187. 
4 Conclusion 
An efficient chrome tanning process can lead to a both economically and environmentally 
sustainable leather industry. Knowing the influence on performance of pre-treatments will allow us 
to improve the efficiency of chrome tanning, thereby improving collagen stability and the 
organoleptic properties of treated leather, alongside a reduction in chrome usage, mitigated 
environmental burden and diminished cost for the treatment of effluent. Our fundamental studies 
using SAXS and DSC provide a strategic guide to screen different combination tannages to design a 
more efficient chrome tanning processes. Such metrics can also be applied to the evaluation of 
cross-linkers for the biomedical industry to gauge their influence on collagen structure and 
hydrothermal stability.  
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